We examined the effect of intraluminal flow of physiological saline on the membrane potential of vascular smooth muscle cells in isolated rabbit cerebral arteries. Intraluminal flow (20 uL/min) caused a depolarization of 4.8±0.7 mV in muscle cells with a resting membrane potential of -62.5+1.2 mV (n= 19). However, when cells were depolarized to -48.7±+1.8 mV using histamine and serotonin, the response to intraluminal flow was the opposite, a hyperpolarization of 5.6± 1.0 mV (n=9). These opposing effects of flow on membrane potential appear to balance at -57.8±1.1 mV (n=31). Our results suggest that intraluminal flow may affect the level of basal tone present in arteries in vivo through modulating the membrane potential of vascular smooth muscle cells by concurrently activated depolarization and hyperpolarization. (Circ Res. 1993;73:1188-1192 Our results represent the first intracellular recordings of membrane potential from vascular smooth muscle cells of isolated resistance arteries during intravascular flow. Intraluminal flow through segments of this artery can cause depolarization and/or hyperpolarization, depending on the membrane potential before the initiation of flow. It is our hypothesis that flow-induced changes in membrane potential reflect the interaction of these two mechanisms and, in this way, contribute to setting the level of peripheral vascular tone.
were inserted through the lumen of the vessel, and the tissue was placed in a 10-mL myograph chamber17 containing gassed PSS. One wire was attached to a force transducer, and the other was connected to a micrometer.
After a 15-minute equilibration at 370C, arteries were stretched to the optimum point on their length-tension curve (100 mg, determined from preliminary experiments). A glass flow cannula connected to a syringe containing bath fluid driven by a syringe pump (model 22 , Harvard Apparatus, South Natick, Mass) was inserted into the lumen of the artery. After a 1-hour equilibration, arteries were constricted with a combination of histamine (3x10`6 mol/L) and serotonin (5-hydroxytryptamine [5HT], 10-6 mol/L), and endothelial integrity was confirmed by eliciting the dilator response to acetylcholine (3 x 10`6 mol/L).
Glass microelectrodes filled with 0.5 mol/L KCl, having a tip resistance between 100 and 150 MQl, were used for intracellular membrane potential measurements. Signals through an electrometer (World Precision Instruments, Sarasota, Fla) were displayed and recorded on an IBM personal computer using a CODAS data acquisition package (Dataq Instruments, Inc, Akron, Ohio). Criteria for a successful impalement were as follows: (1) an abrupt drop in voltage as the electrode entered the cell, (2) a stable membrane potential for at least 2 minutes before subsequent experimental manipulations, (3) an impalement that remained intact throughout the flow period and recovery, (4) on ending the impalement, a sharp return to zero millivolts, with an unchanged tip resistance of the microelectrode, and (5) a tip potential of <7 mV.
To examine the effects of intraluminal flow on membrane potential, a flow rate of 20 ,gL/min was used. This corresponds to one that in this preparation caused -70% of the maximum flow dilation18 and was the highest flow rate in which intracellular recordings were routinely maintained. Flow responses were obtained in stretched but noncontracted arteries or in segments that were depolarized from the addition of a combination of histamine and 5HT. Because of the difficulty in maintaining intracellular recordings through force changes, the concentrations of histamine (10`7 to 10`6 mol/L) and 5HT (10`8 to 10`mol/L) that were used depolarized the arteries but caused little or no change in tension.
Values are expressed as mean+SEM (n). Student Approximately one half of the flow-induced depolariza- tions (n=9) exhibited a monophasic response, with the entire membrane depolarization maintained throughout the period of intraluminal flow. The remaining recordings (n= 10) exhibited a peak depolarization followed by a partial reversal that led to a lower level of maintained membrane depolarization. The "inflection potential" was obtained from responses that were biphasic and is considered to be the point where the flow-induced change in membrane potential reversed direction. The maintained membrane potential change achieved during intraluminal flow is considered the "steady-state" membrane potential. Fig 1 represents was similar to that of flow-induced depolarization except that the time course of all the measured events was slower (see Fig 2, upper curve, and Table) . No significant correlation existed between the preflow membrane potential and the lag time of the hyperpolarization (r=.089) or between the magnitude of the hyperpolarization and the lag time (r=.252; P>.05). The inflection potential was not significantly different for the hyperpolarization responses compared with the depolarization responses that also exhibited an inflection in the membrane potential recordings. The steady-state potential for the group of hyperpolarization responses with an inflection was -52.6+2.3 mV, and this was not significantly different from those in which no inflection could be identified in the hyperpolarization recording.
Steady-State Membrane Potential During Intraluminal Flow
The direction and magnitude of the flow-induced membrane potential change is related to the preflow membrane potential. Examination of the representative tracings in Fig 1 illustrates that, as the preflow membrane potential gets further away from :-58 mV, the larger are the changes in membrane potential that tend to occur in intraluminal flow. The data can be adequately represented by a linear correlation depicted in Fig 3 (r=.479, P<.01 ). When the steady-state membrane potentials are compared with their corresponding preflow membrane potentials using a paired t test, the depolarization and hyperpolarization are both significantly different (P<.01) from their corresponding preflow potentials.
Discussion
The principal finding of the present study is that intraluminal flow of saline causes a change in the membrane potential of vascular smooth muscle cells in rabbit pial arteries. Depolarization was the predominant response when preflow membrane potentials were more negative (-62.5±1.2 mV), whereas cells with less negative membrane potentials before flow (-48.7+1.8 mV) responded with hyperpolarization. Thus, flow shifted the preflow potential toward an intermediate value; the mean steadystate value for all data was -57.9 mV. The lag time between the commencement of flow and an unequivocal change in the membrane potential, the half-time to inflection, and the half-time to steady state were significantly greater for hyperpolarization responses compared with depolarization responses. These observations are consistent with the hypothesis that flow initiates two concurrent but opposite changes based on different causative mechanisms-graded depolarization and graded hyperpolarization. Recordings in which the primary response is partially reversed could reflect the interaction of the opposing effects of flow on membrane potential or a time-dependent inactivation of the dominant current.
The ionic mechanism of the flow-induced depolarization observed in the present study is unknown. Sodium entry is one likely candidate. Flow increases sodium influx into A1210 smooth muscle cells19 and also causes a preferential increase in 22Na+ uptake in the rabbit facial vein in comparison to histamine or myogenic tone (D. Henrion It is unlikely that changes in intravascular pressure are responsible for the observed alteration in membrane potential. We have found that, after an active response, either constriction or relaxation is precluded, no passive changes in wall force are recorded using this technique (eg, see Reference 12). In addition, a linear relation between membrane depolarization and increases in intravascular pressure have been described in several studies using cannulated arteries.316 Thus, increases in pressure during the initiation of flow cannot account for the bidirectional changes in membrane potential and the absence of change sometimes observed in the present study.
We used the technique of infusion into the isometrically mounted artery, because changes in flow can be initiated with only minimal changes in pressure. Both ends of the vessel lumen were contiguous to the bath solution. Furthermore, recordings of the pressure at the proximal (pump) end of the infusion cannula showed that the increase in pressure during flow infusion was of the order of 1 cm of water (B. Gow and J.A. Bevan, unpublished results).
Determination of the average shear stress levels due to intraluminal flow (20 ,uL/min) in the isometrically mounted preparation is not possible. The artery is not cylindrical in cross section, and the flow cannula, even when it has an elliptical cross section, does not fill the entire lumen of the vessel. Certainly, flow is not uniform over the entire intimal surface. However, by use of similar arteries that are cannulated at both ends, shear stress has been calculated to be 3 to 5 dyne/cm2 at a flow rate of 20 ,uL/min. These values are within the physiological range. 26 What is important is that the infusion rate used causes a half-maximum response.
The present study did not examine changes in wall force associated with intraluminal flow through vascular segments. Maintaining intracellular impalements during changes in force is technically difficult. To minimize force changes, the concentrations of histamine and 5HT used to depolarize preflow membrane potentials were below levels needed to elicit contractions. Also, the depolarizations that occurred upon intraluminal flow through arteries at rest were not of the magnitude to sufficiently alter the open-state probability of voltagesensitive Ca 2+ channels to a degree that would produce a detectable contraction. 27 The bidirectional nature of the effect of flow on membrane potential is consistent with prior observations. In experiments carried out on small branches of the rabbit ear artery, flow caused a contraction when wall force was low and dilation when it was increased with norepinephrine." After chronic sympathetic denervation of the ear vasculature, flow-induced contraction was augmented, and flow-induced dilation was diminished, indicating that these two flow-related effects are independently influenced by the same procedure.28 It has been proposed that flow-induced effects arise from changes in conformation and, in consequence, from the ionic binding at a flow sensor, probably an extracellular glycosaminoglycan molecule. 29 The sensor is sensitive to small changes in extracellular sodium30 and may involve a unique sodium-calcium tions). Therefore, it is possible that the hyperpolariza-interaction.31 Subsequent changes in local ionic concentrations and distributions may initiate permeability changes such as the proposed Na+ influx and K' efflux in the vascular smooth muscle cell, resulting in the membrane potential changes reported in the present study.
Our data suggest that for rabbit pial artery segments flow-induced hyperpolarization and depolarization are in balance around a membrane potential of -58 mV. Flow tends to shift the membrane potential toward this level. The membrane potential of vascular smooth muscle cells in vivo is more depolarized (-": -45 mV) than observed in most in vitro preparations,2 suggesting that the predominant response to increased blood flow in vivo would be dilation, as is the case.1 [8] [9] [10] Because the membrane potential of vascular smooth muscle is changed by a number of tone-influencing processes,2,3,5,6,13,32 we propose that intraluminal flow would temper alterations in membrane potential caused by these factors. Most of these processes are involved in the overall vascular response to alterations in its internal and external environment. However, small-vessel flow is governed primarily by local tissue demand. By causing the effects reported in the present study, flow would modulate these general changes in relation to local tissue need.
